Introduction {#s1}
============

Silver nanoparticles (AgNPs) are the most commonly used engineered nanomaterials in consumer products ([@R7]; [@R38]), utilized widely due to their antimicrobial properties ([@R41]; [@R46]). Concern has been raised for the potential hazardous environmental effects of AgNPs, as silver in ionic form is known to be very toxic to aquatic life ([@R11]; [@R36]). In recent years, the toxic effects of AgNPs have become one of the most studied areas within the field of nanoecotoxicology. Several studies attribute the observed toxicity of AgNPs to the release of ionic silver ([@R17]; [@R27]; [@R30]; [@R44]; [@R48]), whereas others identify possible nanoparticle-specific effects adding to the toxicity and/or observe toxicity unexplained solely by the measured ionic silver fraction ([@R26]; [@R29]; [@R32]; [@R42]).

Ecotoxicity tests are, however, complicated by the fact that NPs suspended in media are highly heterogeneous and dynamic systems ([@R34]) in which a series of time-dependent transformation processes are ongoing during incubation. This affects the concentration--response relationships and ultimately the validity and reproducibility of aquatic toxicity tests with NPs ([@R14], [@R13]).

Thorough characterization of NP size, shape, aggregation, dissolution, etc., in ecotoxicity assays has therefore been recommended ([@R6]; [@R9]; [@R34]), but complete NP characterization during exposure in ecotoxicity assays is, however, a very cumbersome and complicated task ([@R6]).

The highly dynamic nature of aqueous NP suspensions is further emphasized in algal tests. As the algal density increases exponentially, so does the amount of exudates, which may interact with the NPs and alter their behavior and effects ([@R10]). The rather complex test media needed to sustain the rapid growth, even for a short-term incubation of 48--96 h add to the complexity of the test system. Furthermore, the presence of NPs in algal tests may interfere with the quantification of the algal biomass ([@R9]; [@R13]). Despite the difficulties, algal tests provide fast, cheap and sensitive test results for an environmentally relevant organism ([@R1]) and are as such mandatory in all hazard assessments schemes used for both chemical classification and regulation.

Variable exposure concentrations in aquatic toxicity tests during incubation is not a novel problem related only to NPs, but is a common and well-known problem for other chemicals, for which it may be difficult to maintain at least 80% of the nominal test concentration during the exposure period required for guideline tests ([@R31]). To maintain a constant exposure concentration when testing difficult substances, [@R40] proposed and applied a short-term algal test using ^14^C-assimilation from ^14^C-labeled bicarbonate. For NPs, the use of short-term assays has also been proposed for ecotoxicity testing ([@R12]) and this ^14^C-assimilation short-term test may provide a beneficial setting for the testing of NPs as it may limit the influence of time-dependent NP transformation processes.

To date, the use of freshly prepared stock suspensions is a common approach, recommended for aquatic ecotoxicity testing of NPs ([@R37]). The opposite approach of preparing NP suspensions and leaving them to age for a certain period prior to aquatic toxicity testing is very scarcely described in the literature. The term "aging" is often used in relation to different weathering processes of NPs in the environment, such as sunlight exposure ([@R5]) and bioaccessibility in soil ([@R3]). Here we use the term aging as the sum of NP transformation processes occurring upon transfer to algal medium and during incubation.

With the dynamic behavior of NPs in aquatic suspensions being time-dependent, we expect that timing is essential to obtain stable exposure levels of NPs in aquatic toxicity testing and hypothesize that: (1) a shorter test duration may mitigate a major part of the variability in algal toxicity of AgNPs; (2) the use of freshly prepared NP suspension for aquatic toxicity testing may contribute to the dynamic behavior of NPs, causing changes in exposure levels to occur from the onset of preparing suspensions in medium and throughout the testing period.

The aim of this study is to investigate the influence of aging and exposure timing on the algal test response to silver nanoparticles (AgNPs). Through a series of controlled experiments, we therefore test the influence of a shortened test duration and aging of the NP suspension in medium prior to testing as means to obtain increased stability during incubation and limit the confounding factors. The purpose of this study is not to fully quantify and identify the silver and NP speciation and its influence on toxicity. Rather, we aim at utilizing the algal toxicity response as an indicator in itself, for the NP stability and applicability of the two algal tests.

Methods {#s2}
=======

Materials and preparation of NP suspensions {#s3}
-------------------------------------------

Test materials included 30 nm spherical citrate stabilized AgNPs obtained from two different suppliers (AgNP1 and AgNP2) along with the OECD representative 15 nm spherical AgNPs (NM-300 K). Silver nitrate (purity ≥99.0%, Sigma-Aldrich, Steinheim, Germany) was included to provide a reference for dissolved silver toxicity.

AgNP1 was provided by Dr. Jon Veinot (University of Alberta, Canada) as an aqueous suspension with a measured concentration of 20 mg Ag L^−1^. Briefly, this was prepared from 0.05 g AgNO~3~ dissolved in 500 mL distilled water, mixed with 1.1 g citric acid for 10 min followed by addition of two drops of 4 M NaOH solution and slow heating for a few hours until the final yellow solution was formed. AgNP2 was purchased from Cline Scientific (Göteborg, Sweden) as an aqueous suspension of 20 mg Ag L^−1^ in Milli-Q water containing \<0.005% tannic acid and \<0.05% trisodium citrate dihydrate, with a reported size of 29.9 ± 4.5 nm according to transmission electron microscopy (TEM). NM-300 K was provided by Joint Research Centre of the European Commission as a part of the European MARINA FP7 project as a dispersion in stabilizing agents, consisting of 4% w/w each of polyoxyethylene glycerol trioleate and polyoxyethylene (20) sorbitan monolaurat (Tween 20), having a reported size of 15 nm (90% \<20 nm) and a silver content of 10.16% by weight ([@R19]).

All stock solutions (AgNO~3~) and suspensions (AgNPs) were prepared fresh before toxicity testing, by diluting with ISO 8692 medium (ISO, 2004), consisting of inorganic macronutrients (MgCl~2~, CaCl~2~, MgSO~4~, NH~4~Cl) and micronutrients (KH~2~PO~4~, FeCl~3~, Na~2~EDTA, H~3~BO~3~, MnCl~2~, ZnCl~2~, CoCl~2~, CuCl~2~, Na~2~MoO~4~, NaHCO~3~). AgNP1 stock suspensions for the 48-h algal test, were prepared with Milli-Q water, in compliance with the procedures decided within the MARINA FP7 project. The flasks with stock suspensions of AgNP1 and NM-300 K were placed in an ultrasonic bath (Bransonic© 3510 with an output of 130 W, 42 kHz± 6%) and exposed to ultra-sonication for 20 min.

Nanoparticle characterization and chemical analysis {#s4}
---------------------------------------------------

AgNP suspensions in ISO algal medium were characterized for particle size distribution, hydrodynamic diameter and zeta potential by Dynamic Light Scattering (DLS) using a Malvern ZetaSizer Nano ZS (Malvern Instruments, Worcestershire, UK). Measurements were conducted on 1 mL sample in standard disposable cuvettes (or capillary cells for zeta potential determinations) at 25 °C with a scattering angle of 173°.

For TEM, a drop of AgNP suspension was placed on a carbon coated copper grid and left overnight to dry out under a plastic lid. The size and morphology of AgNPs were observed by a FEI Company Tecnai G^2^ T20, which also allowed for elemental analysis using Energy Dispersive X-ray spectroscopy.

Total silver concentrations in AgNP1 suspensions and AgNO~3~ solutions were measured by inductively coupled plasma-optical emission spectrometry (ICP-OES) during the 7 days aging experiment (see section "Algal tests with aged NP suspensions"). Samples were acidified by addition of concentrated HNO~3~ and left for 24 h (AgNO~3~) or digested in a microwave oven (Anton Paar Multiwave 3000 solv) at 200 °C for 30 min (AgNP1). All samples were taken as duplicates and measurements were replicated three times.

Cultivation of algae {#s5}
--------------------

The unicellular freshwater green alga *Pseudokirchneriella subcapitata* used in this study is a laboratory culture obtained from the Norwegian Institute for Water Research, Oslo, Norway (NIVA) and grown in ISO 8692 medium (ISO, 2004). The algae were cultivated in 20 mL glass vials fitted with a screw cap lid with a hole to allow for CO~2~ diffusion from the atmosphere. The vials were placed at a shaking table (300 rpm) with continuous illumination from below by fluorescent tubes (30 W/33; Philips, Amsterdam, The Netherlands) with an intensity of 100 ± 20 µmol m^−2^ s^−1^ and at a temperature of 20 ± 2 °C.

Algal growth rate inhibition tests (48-h incubation) {#s6}
----------------------------------------------------

Tests were conducted according to the ISO 8692 algal growth inhibition test protocol (ISO, 2004), with 48-h incubation according to [@R1]. A range of test concentrations was prepared from stock solutions/suspensions and ISO 8692 algal medium, which were then inoculated with appropriate amounts of algal culture to obtain an initial density of 10^4^ cells mL^−1^. Each test included six controls containing medium and algae only and five or six test exposure concentrations in triplicates in the following ranges: 0.80--31 µg Ag L^−1^ (AgNO~3~) and 6.3--200 µg Ag L^−1^ (AgNP2). For AgNP1 and NM-300 K, 15 concentrations were included in single replicates with ranges of 0.78--1000 and 0.20--250 µg Ag L^−1^, respectively. The tests were incubated at conditions identical to the cultivation process and ISO 8692 validity criteria were met for all tests, with control growth rates of minimum 1.0 day^−1^ and a maximum change in pH of 1.0 unit during the 48-h incubation. Samples of 0.4 mL were taken at times 0, 24 and 48 h and the algal growth rates were calculated on the basis of total algal pigments in each sample quantified by acetone extraction, as described by [@R25]. The fluorescence of the samples was subsequently measured on a Cary Eclipse Fluorescence Spectrophotometer (Agilent, Santa Clara, CA) using an excitation wavelength of 430 nm and emission wavelength of 670 nm.

Algal ^14^C-assimilation tests (2-h incubation) {#s7}
-----------------------------------------------

The short-term algal toxicity was determined by a newly developed 2-h test, using ^14^C-incorporation during photosynthesis as toxicity endpoint. This ^14^C-assimilation test is a modification of the methods described by [@R20] and [@R33]. Seven to eight test concentrations were prepared in triplicates in the ranges: 1.3--76 µg Ag L^−1^ (for AgNO~3~), 10--1016 µg Ag L^−1^ (for NM-300 K) 10--1000 µg Ag L^−1^ (for NM-300 K and AgNP1) and 12--200 µg Ag L^−1^ (for AgNP2). The test concentrations were prepared in volumetric flasks using ISO 8692 algal medium and inoculated with an exponentially growing algal culture to obtain an initial density of 10^5^ cells mL^−1^. For each test concentration, 5 mL were transferred to 20-mL glass scintillation vials and the test was initiated by immediately adding 50 µL of H^14^CO~3~-solution to all vials (specific activity: 20 µCi mL^−1^; obtained from DHI, Hoersholm, Denmark). The vials were then closed with airtight screw caps and placed on a shaker table at conditions identical to those of the cultivation process. After 2-h incubation, tests were terminated by adding 0.2 mL 10% HCl to each vial (yielding pH \<2). Vials were then left open overnight in a fume hood to allow for evaporation of ^14^CO~2~ excess, i.e. the ^14^C that was not incorporated into algal biomass during the 2-h incubation. After evaporation, 10 mL scintillation liquid (Optiphase "Hisafe" 3, Perkin Elmer, Waltham, MA) was added to each vial. After a thorough mixing they were left in the dark for at least 8 h before liquid scintillation counting (TRI-CARB 1600 TR Liquid Scintillation Analyzer, Packard, Meriden, CT). All tests included six replicates of controls with algae and medium only as well as three replicates of a control with medium and H^14^CO~3~-solution. The latter was included to confirm that all added H^14^CO~3~ was converted into ^14^CO~2~ and removed in the evaporation step. A maximum change in pH of 0.5 units was measured during the 2-h incubation.

Algal tests with aged NP suspensions {#s8}
------------------------------------

For initial experiments with not freshly prepared suspensions, stock suspensions of AgNP1 and AgNP2 were prepared in medium as described above ("Materials and preparation of NP suspensions"). These were stored for 24 h in the dark at 20 °C prior to testing in the 2-h ^14^C-assimilation test (in the following referred to as "aged"). Seven to eight test concentrations were prepared from the aged stock suspensions in the concentration ranges: 10--1000 (AgNP1) and 20--920 µg Ag L^−1^ (AgNP2). In a second test run the 24-h aging procedure was repeated, but with stock suspensions placed on a shaker table at 200 rpm.

To follow the influence of aging over a period of 7 days, a stock suspension of AgNP1 was prepared in ISO 8692 algal medium and used immediately for the preparation of seven identical sets of eight test concentrations in the range 10--1000 µg Ag L^−1^ (see [Figure 1](#F1){ref-type="fig"} for an overview). The highest concentration of each set was prepared in duplicates, to provide suspensions for chemical analyses and NP characterization during aging by the use of TEM, ICP-OES and DLS. Each set of test concentrations also included duplicate vials with 6 µg Ag L^−1^ added as AgNO~3~, to serve as a reference for toxicity of dissolved silver during aging and for ICP-OES analysis. On the same day as test concentrations were prepared (day 0), a 2-h algal toxicity test including chemical analysis and NP characterization was carried out with one set of test concentrations. The six remaining sets of test concentrations were put on a shaker in the dark at 20 °C. After 1, 2, 3, 4, 5, and 7 days, sets of test concentrations were used consecutively for 2-h toxicity testing, chemical analysis and AgNP characterization.

![Overview of the experimental setup for testing the influence of aging (0--7 days) on the characteristics and 2-h algal toxicity of citrate stabilized AgNPs (AgNP1). Seven identical sets of test concentrations covering the range 10--1000 µg Ag L^−1^ were prepared in ISO 8692 algal medium on day 0 and aged in the dark on a shaker (300 rpm) before testing and characterization was conducted after 0, 1, 2, 3, 4, 5 or 7 days.](tnan9_201_f1){#F1}

Statistical analysis and chemical speciation modeling {#s9}
-----------------------------------------------------

The statistical program LOG457 was used to estimate growth rate and carbon assimilation inhibition in the 48- and 2-h experiments, respectively. A logarithmic-normal distribution of data was assumed and concentration--response curves were fitted by nonlinear regression analysis of growth rates (48-h tests) or carbon assimilation (2-h tests) versus concentration ([@R2]. Finally, effect concentrations (e.g. EC~50~) were estimated along with their corresponding 95% confidence intervals. The concentration--response data, fitted curves and estimated EC-values are all based on the nominal concentrations.

The silver speciation of AgNO~3~ suspended in ISO 8692 algal medium was estimated by the chemical speciation modeling program Visual MINTEQ 3.0 ([@R8]), assuming an atmospheric CO~2~ pressure (CO~2~ partial pressure of 0.00038 atm.) and with a fixed pH of 8.

Results {#s10}
=======

Characterization of AgNPs in medium suspensions {#s11}
-----------------------------------------------

The size and morphology of AgNPs were investigated by DLS and TEM of 1 mgAg L^−1^ suspensions in ISO algal medium. The average hydrodynamic diameter (*Z*-average) was 106, 49 and 38 nm for NM-300 K, AgNP1 and AgNP2, respectively. Two size peaks (intensity based) were measured for NM-300 K and AgNP1 by DLS and different particle sizes were supported by TEM images. According to TEM images, the morphology of the AgNPs was close to spherical, although rods, triangles and cubical structures were also observed for AgNP1 (Figure S3, day 0). An overview of physicochemical properties of the tested AgNPs is given in the Supplementary material (Table S3).

Algal toxicity testing with 2- and 48-h incubation {#s12}
--------------------------------------------------

The 2-h ^14^C-assimilation test and the standard ISO 48-h test produced comparable results for AgNO~3~, as shown by similarity of the EC-values and corresponding 95% confidence intervals shown in [Table 1](#T1){ref-type="table"}. In contrast, the observed EC-values for tests carried out with freshly prepared AgNP suspensions varied between the 2- and 48-h tests. The EC~50~ for NM-300 K was approximately three times lower in the 2-h test compared to the 48-h test ([Table 1](#T1){ref-type="table"}). The opposite was the case for AgNP1 and AgNP2, having EC~50~ values approximately two times higher in the 2-h test ([Table 1](#T1){ref-type="table"}). Regardless of the test applied, the most toxic silver form was AgNO~3~ and the least toxic AgNP1. Interestingly, AgNP1 and AgNP2 of similar nominal size and stabilizing agent (citrate) did not yield comparable EC-values, neither in the 2-h nor the 48-h test, as the AgNP2 was about four to five times more toxic in both tests. In both the 2- and 48-h tests, addition of cysteine in eqiumolar (or slight excess) to the added silver in the stock suspensions of AgNO~3~ and AgNP1 did not eliminate toxicity, although toxicity was reduced significantly; the EC~50~ values were increased by a minimum factor of 40 for AgNO~3~, 20 for NM-300 K and two for AgNP1 ([Table 1](#T1){ref-type="table"}).

###### 

Effective concentrations (EC~10~- and EC~50~-values) and 95% confidence intervals in µg Ag L^−1^ from 2-h ^14^C-assimilation and 48-h growth inhibition algal tests with AgNO~3~ and AgNPs (freshly prepared).

                         2 h Algal test    48 h Algal test                       
  ---------------------- ----------------- ------------------- ----------------- --------------------
  AgNO~3~                2.2 \[1.7;2.9\]   6.0 \[5.1;7.1\]     2.1 \[1.4;3.2\]   4.9 \[3.9;6.2\]
  NM-300 K               8.7 \[6.9;11\]    50 \[46;56\]        74 \[54;100\]     140 \[120;160\]
  AgNP1                  280 \[190;410\]   710 \[620;830\]     160 \[110;210\]   310 \[270;360\]
  AgNP2                  49 \[34;70\]      150 \[130;190\]     31 \[20;47\]      75 \[63;90\]
  AgNO~3~ (+cysteine)    No data           \>240               2.0 \[1.2;35\]    270 \[28;2700\]
  NM-300 K (+cysteine)   No data           \>1000              9.2 \[1.7;50\]    3700 \[1400;9900\]
  AgNP1 (+cysteine)      260 \[170;380\]   1800 \[680;4800\]   270 \[120;600\]   670 \[400;1100\]

The influence of AgNP aging on algal toxicity testing {#s13}
-----------------------------------------------------

As illustrated in [Figure 2(A and C)](#F2){ref-type="fig"}, it was not possible to obtain comparable concentration--response data in two individual test runs with neither AgNP1 nor AgNP2 in the 2-h algal toxicity test when using freshly prepared AgNP suspensions. The estimated EC~50~-values obtained in the two individual test runs showed this difference as well (Table S1), being 2400 \[800;7200\]~95%~ µg Ag L^−1^ (test run 1) versus 710 \[620;830\]~95%~ µg Ag L^−1^ (test run 2) for AgNP1 and 150 \[130;190\]~95%~ µg Ag L^−1^ (test run 1) versus 340 \[300;380\]~95%~ µg Ag L^−1^ (test run 2) for AgNP2. In contrast, two test runs with AgNO~3~ produced very similar concentration--response data (Figure S1) and EC~50~-values of 4.3 \[2.3;8.0\]~95%~ µg Ag L^−1^ and 6.0 \[5.1;7.1\]~95%~ µg Ag L^−1^ for test runs 1 and 2, respectively. However, when the stock suspensions were prepared 24 h prior to testing (24 h aging), the resulting concentration--response data from individual test runs showed much greater similarity with respect to concentration--response curves ([Figure 2B and D](#F2){ref-type="fig"}) as well as EC-values. Thus, comparable EC~50~-values were obtained of 300 \[260;350\]~95%~ µg Ag L^−1^ versus 240 \[230;260\]~95%~ µg Ag L^−1^ for AgNP1 and 250 \[190;330\]~95%~ µg Ag L^−1^ versus 270 \[230;320\]~95%~ µg Ag L^−1^ for AgNP2 (Table S1).

![Concentration--response data and fitted curves by Log457 from 2-h ^14^C-assimilation algal tests with AgNP1 (A and B) and AgNP2 (C and D) being freshly prepared (A and C) or aged for 24 h in ISO 8692 algal medium in the dark (B and D). For each scenario (A--D) two individual test runs were conducted.](tnan9_201_f2){#F2}

The influence of aging was further investigated by extending the aging period up to 7 days for AgNP1 ([Figure 3](#F3){ref-type="fig"}). The measured algal toxicity increased with aging period during the first 48 h, whereas further aging up to 7 days reduced toxicity ([Figure 3D](#F3){ref-type="fig"} and Table S2). Clear concentration--response relationships were observed for suspensions aged 0--2 days ([Figure 3A](#F3){ref-type="fig"}) and though toxicity decreased for suspensions aged for 3--5 days, monotonous concentration--response relationships were still evident ([Figure 3B](#F3){ref-type="fig"}). After 7 days of aging, no concentration--response relationship could be obtained ([Figure 3C](#F3){ref-type="fig"}). A somewhat similar pattern was observed for concomitant testing of AgNO~3~ in a concentration of 6 µg Ag L^−1^ with toxicity increasing slightly for suspensions aged 0--3 days and decreasing when aged 4--7 days (Figure S2). Our results show that the outcome of algal toxicity testing of AgNPs depends on the time passed from the moment AgNPs are added to the test medium. Further, the results illustrate that the exposure experienced by the organisms and hence the response will change within the time window of standard algal tests (48--96 h).

![Concentration--response data and fitted curves by Log457 from 2-h algal ^14^C-assimilation algal tests with AgNP1 after aging in ISO 8692 algal medium (A) for 0--2 days, (B) for 3--5 days, (C) for 7 days. The EC~50~-values with 95% confidence intervals are plotted for suspensions aged for 05 days (D).](tnan9_201_f3){#F3}

Characterization of AgNPs during aging {#s14}
--------------------------------------

During the 7 days of aging, the zeta potential of the AgNP1 suspension (measured at 1 mgAg L^−1^) increased from approximately −29 to −17 mV, with the most pronounced shift occurring after 3--4 days of aging ([Table 2](#T2){ref-type="table"}). The average hydrodynamic size remained at approximately 50 nm until 3--4 days of aging where a marked increase was observed ([Table 2](#T2){ref-type="table"}). Thus, the DLS measurements indicate a change in the stability and aggregation state of the AgNP1 suspension occurring after 3--4 days of aging in algal medium. In addition, simple visual inspection of the AgNP1 suspensions revealed aggregation with aging, as large stringy aggregates were observed at the bottom of the flasks after 5 and 7 days of aging. These large visible aggregates (which were excluded when sampling for TEM and DLS measurements) did not disaggregate when the suspensions were vigorously shaken by hand.

###### 

Size and zeta potential measured by DLS for citrate stabilized AgNPs (AgNP1) suspended in ISO algal medium (1 mg Ag L^−1^) after 0--7 days of aging in the dark on a shaker (300 rpm).

  Aging period (days)   Zeta potential (mV)   *Z*-average size (nm)   Size peak 1 (intensity) (nm)   Size peak 1 (area int.) (%)   Size peak 2 (intensity) (nm)   Size peak 2 (area int.) (%)   Polydispersity index (PDI)
  --------------------- --------------------- ----------------------- ------------------------------ ----------------------------- ------------------------------ ----------------------------- ----------------------------
  0                     −29 ± 2.2             49 ± 0.4                66 ± 0.51                      91                            11 ± 0.80                      9                             0.35 ± 0.02
  1                     −24 ± 2.9             44 ± 0.8                62 ± 1.8                       91                            9.3 ± 0.96                     9                             0.33 ± 0.04
  2                     −23 ± 2.3             46 ± 4.3                57 ± 3.8                       91                            8.3 ± 0.41                     9                             0.32 ± 0.14
  3                     −27 ± 2.0             52 ± 2.2                56 ± 1.1                       91                            9.3 ± 0.49                     9                             0.20 ± 0.05
  4                     −16 ± 0.50            60 ± 8.4                55 ± 3.5                       91                            9.0 ± 0.97                     9                             0.17 ± 0.03
  5                     −15 ± 0.46            250 ± 56                61 ± 10                        91                            11 ± 4.1                       9                             0.32 ± 0.05
  7                     −17 ± 1.0             120 ± 24                98 ± 4.7                       89                            15 ± 6.9                       11                            0.22 ± 0.03

The recovery of total silver in suspensions aged for 0--7 days was in the range 52--136% for AgNO~3~ and 43--121% for AgNP1. The recovery varied randomly with aging period for both AgNO~3~ and AgNP1. No correlation between recovered amounts of silver, the toxicity observed, and aging period could be found.

From the TEM imaging, no apparent change in particle size, morphology or aggregation state with aging could be detected, as both single particles and aggregates/agglomerates were observed regardless of aging period (Figure S3). Also, distinct structures were observed that may be identified as AgNP1 interaction products with medium components, including cubic NaCl crystals around single AgNPs (Figure S3, day 7) and larger more complex structures interacting with the AgNPs (Figure S3, days 0 and 3). However, these structures along with the aggregates are likely artifacts from the drying process on the TEM grids or the exposure to vacuum in the electron microscope chamber.

Discussion {#s15}
==========

The influence of exposure duration in algal toxicity testing of dissolved silver and AgNPs {#s16}
------------------------------------------------------------------------------------------

For AgNO~3~, comparable results were obtained in the 2- and 48-h algal tests, confirming that the toxicity of dissolved silver to *P. subcapitata* occurs very rapidly and that the 2-h ^14^C-assimilation test is applicable of quantifying the toxicity of dissolved silver. The estimated EC~50~-values from the two different tests were very similar, although different endpoints are applied. The 48-h test provides inhibition of growth rate in proliferating algae, whereas the 2-h test yields inhibition in the carbon-uptake of algal cells but is not a measure for population growth. The uptake of silver ions in the green alga *Chlamydomonas reinhardtii* has previously been reported as a very fast process ([@R29]; [@R35]) with an internal silver concentration reaching steady state after 1-h exposure to 500 nM AgNO~3~ corresponding to 54 µg Ag L^−1^ ([@R35]). Another study found uptake rates of silver to be higher in *P. subcapitata* than *C. reinhardtii*, although this difference in uptake did not result in greater toxicity ([@R15]).

In contrast to the results obtained with dissolved silver, the tests with AgNPs yielded very different results in the two types of algal tests applied, when tested as freshly prepared suspensions. Where NM-300 K gave lower EC-values in the 2-h test compared to the 48-h test, the opposite was the case for AgNP1 and AgNP2. While different dissolution due to NP sizes could play a role in this, also NP morphology and stabilizing or capping agents may be of importance ([@R28]). If the toxicity of AgNPs depends on ionic release, the toxicity in the 2- and 48-h tests would be either similar or increase with exposure time, depending on the ionic release rate. This was clearly not the case and since the addition of cysteine in equimolar concentrations to silver did not eliminate toxicity, dissolution cannot be the only process contributing to the algal toxicity observed.

Influence of AgNP aging on the algal test response {#s17}
--------------------------------------------------

The shortened exposure period in the 2-h algal test provided less time for processes such as aggregation, sedimentation and dissolution to occur and interfere with the bio-accessible exposure concentration. Therefore response data were expected to be more reproducible as a result of more stable exposure conditions. Nevertheless, two consecutive test runs with freshly prepared AgNP1 or AgNP2 suspensions did not produce comparable concentration--response data. However, when combining the shorter exposure period (2 h) with 24 h aging of AgNP1 and AgNP2 suspensions in medium prior to testing, comparable and reproducible concentration--response relationships were obtained for the tested AgNPs. Our results imply that timing issues are very important when conducting ecotoxicity tests with AgNPs, not only in relation to the exposure duration, but also in the preparation of AgNP suspensions for testing. This impact of timing or aging may in part be related to the kinetics of AgNP dissolution. The release of silver ions from AgNPs in various media has been studied by different modeling and/or measuring approaches, all describing a similar kinetic pattern of a very fast initial ion release, followed by a stagnation or equilibrium phase, often occurring within few days, but in some cases within longer periods ([@R4]; [@R21]; [@R22]; [@R18]; [@R47]). The ion release kinetics of AgNPs may attribute to explain why a shortened exposure did not provide a more stable exposure concentration. The freshly prepared AgNP suspensions were likely unstable due to a very fast initial ion release, whereas the suspensions aged for 24 h possibly were less dynamic.

Consequently, it may be questioned whether the widely recognized approach of using freshly prepared NP suspensions for aquatic ecotoxicity testing is the best practice for AgNPs. Using freshly prepared AgNP suspensions for testing, disregards the dissolution kinetics and likely causes substantial, uncontrollable dissolution and change the exposure concentration markedly during a standard 48--96-h test. In contrast, our results suggest that aging of NP suspensions may minimize this issue, possibly by paying respect to the dissolution patterns described in the literature. Also, aggregation is induced upon transfer into aquatic media. [@R39] reported an increasing aggregation upon dilution of citrate stabilized AgNPs in OECD daphnia media that stabilized after 5 h. However, in our study no substantial aggregation was observed by TEM, DLS or visual inspection after 24 h aging. The toxicity of AgNP1 increased upon 24 h aging, which is in good agreement with the dissolution patterns described in the literature as well as the apparent lack of aggregation and sedimentation after 24 h as assessed by DLS and visual inspection of suspensions.

The 2 h toxicity testing with AgNP1 suspensions aged for 1--7 days, revealed greatest toxicity after 48 h aging. Hereafter, the toxicity decreases with aging and no concentration--response data was obtained after 7 days of aging. These changes in toxicity correlates well with the measured DLS data, as aggregation occurred around 3--4 days of aging. This aggregation may be induced by temporal changes in the speciation of medium components, as the media composition is shown to influence AgNP aggregation ([@R43]). Also, degradation of the stabilizing agent may have occurred, which is also reported to induce NP aggregation ([@R13]).

The 2-h algal toxicity with aging provides a measure for the bioavailable AgNP fraction over the course of 7 days. According to the variable toxicity observed within the first 96 h of aging, this bioavailable fraction is highly unstable, implying that the concentration axis for AgNPs in a standard 96-h algal test is far from constant during the incubation. Thus, from an organism point-of-view it is unlikely that a constant exposure concentration is experienced throughout the incubation period. The 2-h test provides a tool for quantifying toxicity at any given moments along the time-axis that begins when AgNPs are introduced into algal medium.

All in all, the changes in AgNP toxicity with aging are possibly due to a fast release of ions in the initial 48 h, followed by interactions of those ions and AgNPs with medium components, causing reduced bioavailability and toxicity of the AgNPs. [@R18] investigated the dissolution and toxicity to human mesenchymal cells of PVP- and citrate stabilized AgNPs during storage (aging) of stock suspensions prepared with water. In agreement with our study, toxicity increased with aging, although the aging period is substantially longer. Three days of aging caused 70% reduction in viability, whereas complete cell death occurred upon 1 and 6 months of aging. The changes in toxicity with aging were ascribed to silver ions released during aging as measured during dissolution experiments. Contrary to our study, at no time there was a decrease in toxicity with aging. This could be due to the use of different aquatic media, as [@R18] aged AgNPs in pure water while we used the algal medium. According to MINTEQ estimations, silver ions in the present study will react with medium components such as chloride, sulfide and phosphate (data not shown) and may cause complexation and/or precipitation of sparingly soluble salt, as also suggested by [@R18] and [@R22]. [@R24] studied the agglomeration or aggregation state along with the algal toxicity of CeO~2~ in ISO algal growth medium being non-aged or aged for 3 and 30 days under stirring and lighting. Agglomeration/aggregation already occurred after 24 h aging, which is much faster than the 3--4 days of aging required for AgNPs in our study. This is not surprising though, since different NPs are expected to possess different physicochemical properties and aggregation behavior. Opposite to our findings, [@R24] reported that aging of CeO~2~ NPs did not influence the toxicity toward *P. subcapitata*, indicating that aging processes differs among NP types and the influence of aging in ecotoxicity studies needs to be considered in a case by case manner.

We propose the 2-h algal ^14^C-assimilation test for screening NP toxicity for several reasons: (1) the ^14^C-uptake is measured by scintillation counting, which contrary to cell counting and the fluorometric techniques recommended in the ISO standard and OECD guidelines for algal growth inhibition tests, is not biased by the presence of NPs, (2) the 2-h exposure allows very limited time for algal proliferation, thus minimizing the amount of exudates and oxygen produced, which may play a role in NP aggregation ([@R45]) and (3) compared to algal growth tests, less nutrients are needed, enabling use of diluted media for toxicity testing as suggested by [@R39].

Currently, aquatic toxicity testing of NPs appears to be going in the opposite direction toward more complex exposure scenarios, chronic exposures and investigations of long-term effects, for the purpose of providing information crucial for the hazard and risk assessment of NPs. Although shortening the exposure duration in itself does not increase the environmental relevance of the guideline testing, the possible increased control gained serves an important purpose in the attempt to identify and rank the toxicity of NPs.

Conclusions {#s18}
===========

Our results highlight the importance of understanding the exposure concentration dynamics in ecotoxicity testing of AgNPs. The proposed 2-h algal ^14^C-assimilation test was found applicable for testing the toxicity of dissolved silver and AgNPs and it constitutes a fast and easy screening tool for NP toxicity testing. Although the shortened exposure did not provide improved control of the exposure to freshly prepared AgNP suspensions, the introduction of an aging step in algal medium prior to testing, yielded clear concentration--response relationships and a higher degree of reproducibility. The length of the aging period influenced the algal response of the 2-h test, as toxicity increased with aging up till 48 h, whereas toxicity declined with further aging until 7 days. Overall, these findings stress the importance of considering the influence of time-dependent transformation processes that NPs undergo upon suspension into aquatic media, when nanomaterial dispersion protocols for ecotoxicity testing are developed and applied.
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